Transport from the soil surface to groundwater is commonly mediated through deeper portions of the vadose zone and capillary fringe, where variations in temperature and water saturation strongly influence biogeochemical processes. This technical note describes a sediment column design that allows laboratory simulation of thermal and hydrologic conditions found in many field settings. Temperature control is particularly important because room temperature is not representative of most subsurface environments. A 2.0-m-tall column was capable of simulating profiles with temperatures ranging from 3 to 22°C, encompassing the full range of seasonal temperature variation observed in the deep vadose zone and capillary fringe of a semiarid floodplain in western Colorado. The water table was varied within the lower 0.8-m section of the column, and profiles of water content and matric potential were measured. Vadose zone CO 2 collected from depth-distributed gas samplers under representative seasonal conditions reflected the influences of temperature and water table depth on microbial respiration. Thus, realistic subsurface biogeochemical dynamics can be simulated in the laboratory through establishing column profiles that represent seasonal thermal and hydrologic conditions.
Transport from the soil surface to groundwater is commonly mediated through deeper portions of the vadose zone and capillary fringe, where variations in temperature and water saturation strongly influence biogeochemical processes. This technical note describes a sediment column design that allows laboratory simulation of thermal and hydrologic conditions found in many field settings. Temperature control is particularly important because room temperature is not representative of most subsurface environments. A 2.0-m-tall column was capable of simulating profiles with temperatures ranging from 3 to 22°C, encompassing the full range of seasonal temperature variation observed in the deep vadose zone and capillary fringe of a semiarid floodplain in western Colorado. The water table was varied within the lower 0.8-m section of the column, and profiles of water content and matric potential were measured. Vadose zone CO 2 collected from depth-distributed gas samplers under representative seasonal conditions reflected the influences of temperature and water table depth on microbial respiration. Thus, realistic subsurface biogeochemical dynamics can be simulated in the laboratory through establishing column profiles that represent seasonal thermal and hydrologic conditions.
The subsurface region, comprised of the capillary fringe and overlying deeper portion of the vadose zone, mediates fluxes of gases, water, and solutes between soils and groundwaters. Therefore, the dynamics of gases, water, and solutes in deeper portions of the vadose zone, the capillary fringe, and water table need to be examined to understand coupling between the shallower soil environment and groundwater. Indeed, an improved understanding of these processes is needed to close cycles of carbon, water, nutrients, and other chemical constituents. Large changes in water saturation and aeration occur within the deepest portion of the vadose zone (Affek et al., 1998; Haberer et al., 2012) ; hence, redox-dependent biogeochemical transformations are commonly localized here (Haberer et al., 2015; Luo et al., 2015; Maier et al., 2007; Rod et al., 2012; Ryu et al., 2006) . The importance of understanding these capillary fringe redox transformations in biogeochemical cycles and the challenges associated with investigating them in complex, deep field settings have motivated a number of laboratory-based studies. The diverse range of laboratory systems developed for investigating capillary fringe dynamics have included vertical columns that allow water table fluctuations (Ogden et al., 2015; Rezanezhad et al., 2014; Smits et al., 2011) and two-dimensional sediment tanks (Haberer et al., 2012; Trevisan et al., 2015) . Some column systems are quite large, exceeding 4 m in height and 2 m in diameter (Hendry et al., 1993; Kabwe et al., 2002) .
Despite the importance of temperature on soil biogeochemical processes, reflected in typical Q 10 values for respiration of about 2.4 (Raich and Schlesinger, 1992) , nearly all of these laboratory systems have been operated under ambient conditions (i.e., at laboratory room temperature [20-25°C]) . A notable exception is the column design of Mohammed et al. (2014) , which allowed controlled laboratory simulations of surface soil temperature profiles, including control of freeze-thaw and permafrost conditions. The need for
Core Ideas
• Column experiments simulating subsurface environments require control of temperature profiles.
• A 2-m-tall laboratory sediment column reproduced vadose zone thermal and hydraulic conditions. • Measured CO 2 profiles show the importance of microbial respiration below the root zone.
temperature control in laboratory investigations of soils and sediments is underscored when recognizing that many if not most soil environments do not continuously experience typical laboratory temperatures. For example, regions with mean annual soil temperatures of <15°C (mesic, cryic, and frigid soil temperature regions) account for about two-thirds of the area within the continental United States (Soil Survey Staff, 2015) . Thus, experiments conducted at room temperature typically exhibit microbially mediated reaction rates that are at least double that of these field settings. Based on these considerations, temperature control of soil/ sediment column profiles is important for investigations of deeper portions of the vadose zone and groundwater. Whereas deeper profile temperatures exhibit insignificant diurnal fluctuations, annual variations in temperature remain significant, often to depths >10 m (Sun and Zhang, 2004) . The importance of fluctuations in both water table depth and temperature profiles was shown in our recent study of microbial respiration occurring between the rhizosphere and capillary fringe in a semiarid region floodplain adjacent to the Colorado River (Tokunaga et al., 2016) . At this field site (Williams et al., 2009; Yabusaki et al., 2017) , the water table typically resides at about 3.5 m below the soil surface during most of the year but rises sharply by as much as 1.5 m during late spring in response to snowmelt driven rise in the river stage. The subsurface thermal regime for the site is shown in Fig. 1 . Field-based measurements and laboratory sediment incubation tests indicated that a significant portion (17%) of the CO 2 produced from the site originated from the 2.0-to 3.5-m depth interval (Tokunaga et al., 2016) . This zone receives a pulse of soil pore waters during late spring snowmelt that supplies labile organic C (Dong et al., 2017) needed to support respiration below the root zone.
Our findings from the field study and the recognition that room temperatures are not representative of many subsurface environments highlight a need for laboratory column methods to investigate nonisothermal biogeochemical processes under variably saturated conditions. In this technical note, we present the design and operation of a moderately large soil column system in which both water levels and temperature profiles are controllable. In this system, we aimed to reproduce the environment occurring within the 1.7-to 3.7-m depth interval at the Rifle, CO, field site.
Materials and Methods

Sediments
Characteristics of the field site were described previously (Tokunaga et al., 2016) . Sediments from near Site TT02 in the middle of the floodplain were excavated with a backhoe at 1.5 to 1.8, 1.8 to 2.4, and 2.4 to 3.7 m below the soil surface. Sediments were passed through a very coarse (50-mm screen) to remove larger cobbles, sealed in plastic buckets, shipped back to the laboratory, and further sieved to retain the £4.75 mm grain-size fraction for packing into the column. The sieved sediment used for column packing contained at least 72% sand and no more than 8% clay and was generally coarser textured with greater depth. Sediments were packed in their field-moist condition (0.10-0.15 g g −1 ) to equivalent dry bulk densities of 1.61 ± 0.05 g cm −3 .
Column
The column was constructed from a 2.10-m length of polycarbonate pipe (0.152-m inner diameter, 0.635-cm wall thickness) that included a pair of bottom boundary ports (0.25-inch National Pipe Thread) through which the water table elevation was controlled and side ports for measurements and sediment sampling (Fig. 2) . The bottom boundary ports were connected to a flask containing synthetic groundwater solution via flexible tubing, with elevation of the flask and its free water surface adjusted vertically to control the position of the water table in the column. The major ion composition of this solution, which was similar to that of groundwaters at the Rifle floodplain, was prepared with NaHCO 3 , MgSO 4 , CaSO 4 ×2H 2 O, CaCl 2 , Na 2 SO 4 , and KCl at concentrations of 9.50, 4.60, 2.90, 2.20, 1.00, and 0.20 mM, respectively, and had a pH of 6.9.
Gas sampling ports (1.3-cm diameter, 2.6-cm tip length, porous stainless steel mufflers, 50-mm pores; McMaster-Carr) were installed along the upper portion of one set of side ports (0.375-inch National Pipe Thread). Deeper gas samplers were attached to the bottom end of 0.25-inch stainless steel tubes and embedded within sediments during column packing. External ends of the samplers were sealed with plastic caps and periodically sampled by syringe after purging the dead volume (tubing volume). Sampled gases were injected through thick chlorobutyl septum stoppers of evacuated glass serum vials for storage prior to analyses. Concentrations of CO 2 were measured by injecting gas samples into an N 2 carrier gas stream leading into an infrared gas analyzer (Licor LI-840A) (Davidson and Trumbore, 1995) . Carbon isotope ratios of CO 2 were measured in 0.7-to 2.6-mL sample aliquots extracted with an air-tight syringe and injected into helium-flushed, 12-mL Labco Exetainer vials. The CO 2 was analyzed using a headspace autosampler (Gilson) linked to a Tracegas preconcentrator interfaced to a Micromass JA Series Isoprime isotope ratio mass spectrometer.
Porewater samplers were constructed by epoxy-sealing 0.1-MPa (1-bar) high-flow ceramic tips (0.95-cm diameter, 2.86-cm length, 0652X07-B01M3; Soilmoisture Equipment Corp.) to ends of 0.25-inch stainless steel tubes. These were embedded at selected depths in the sediment column. Although periodic collection of pore waters was not done on this system, sampling procedures are similar to those described for much smaller columns (Tokunaga et al., 1996 (Tokunaga et al., , 1997 .
Moisture contents and matric potentials were monitored with capacitance moisture probes (Decagon EC5) that were installed into several of the side-ports and with matric potential sensors (Decagon MPS6), respectively. The MPS6 sensors were embedded into sediments during packing (cables leading out via the column tip).
To measure redox potentials, Pt wire electrodes (0.5-mm diameter, cut into 24-mm-long segments; Alfa Aesar) were installed through holes drilled into the column walls (0.10-m vertical increments) to measure vertical profiles of effective redox potentials. The annular gaps between platinum wires and holes were sealed with epoxy to prevent O 2 entry and water leakage. Profiles of effective redox potentials were obtained by placing a calomel electrode into the column's groundwater reservoir, connecting this reference electrode to a pH meter (mV mode), and sequentially connecting the sensing line to the different Pt wire terminals. A similar procedure was used in earlier studies in smaller flow-through columns (Wan et al., 2008) and in hydrostatic sediment columns (Tokunaga et al., 1996 (Tokunaga et al., , 1997 .
Temperature profiles through the central axis (core) of the column were measured with the MPS6 sensors embedded at 
measured with thermocouples (Omega Engineering, T type) embedded in sediment about 5 mm from the column's inner surface at depths of 0.4, 1.2, 1.4, 1.6, and 1.8 m from the top sediment surface and recorded using an Agilent 34970A datalogger. The temperature profiles were monitored daily; the representative seasonal temperature profiles shown below are averages over the last 2-h measurements after the temperatures were stabilized for at least a few days.
Temperature profiles were controlled by heat exchange (cooling) along the outer surfaces of the column mediated with four copper sleeves (10 cm wide and 0.318 mm [1/8 inch] thick), which were curved to conform to the polycarbonate wall and extended along the full length of the column to facilitate heat transfer between cooling coils and the column (Fig. 2d-2g ). Three sets of cooling coils (0.375-inch outer diameter copper tubing) were wrapped around the bottom, middle, and top of the column. Bronze epoxy putty (Devcon 10260) was applied between the copper tubing and copper sleeves to enhance the effective contact area and to facilitate heat transfer. Control of temperature profiles was achieved through the use of three refrigerated water baths (VWR AD7L, VWR 1160A, and Lauda WK300) that recirculated cooling water (each run at low flow rates in the range of 10-15 L h −1 ) within the copper tubing looped around the bottom, middle, and upper sections of the column. Plastic-sealed fiberglass insulation (ComfortTherm, R13; Johns Manville) was wrapped around the column to decrease the rate of heat exchange with the laboratory. The bottom and top ends of the column were insulated with two layers of 1-in-thick polyisocyanurate foam board (Thermasheath3; Rmax). For purposes of the test runs presented here, conditions in the 2.0-m sediment packed region of the laboratory column were targeted to represent the field site depth interval of 1.7 to 3.7 m below the soil surface.
To allow CO 2 to escape from the upper surface of the sediment, the column top was covered with a loosely fitting cap that was covered with insulation. This upper boundary condition represented a compromise between having CO 2 from the column diffuse into the laboratory atmosphere (?410 ppm CO 2 ) and operating the column as a sealed system. The latter condition would have resulted in generation of unrealistically high CO 2 concentrations and eventual anaerobic conditions throughout the column.
Rewetting of the subsurface from snowmelt infiltration occurs in the field site in late spring to early summer and constitutes the only period within each year when solutes, including dissolved organic C, are transported from the soil surface and rhizosphere down into groundwater (Tokunaga et al., 2016) . This process was simulated in the laboratory column through a single pulse addition of a soil root zone extract containing 0.9 mM organic C. A volume of 500 mL of this solution was added at the top of the sediment column over the course of 2 d, equivalent to 28 mm net infiltration, within the range of estimated annual recharge into the shallow aquifer (Christensen et al., 2018) .
Results and Discussion
Temperature Profiles
By adjusting temperatures in the three recirculating water baths, the desired subsurface temperature profiles were achieved. Prior to running the column through the range of seasonal temperatures, preliminary tests were performed to determine the times required to establish stable temperatures. For this purpose, the water baths were set to selected temperatures, and temperatures within the column were monitored. Equilibration generally was achieved within a few hours, as indicated in the examples of transient temperature responses shown in Fig. 3a . Reproducibility of the subsurface temperature profiles found in the field site was then tested, with examples of representative seasonal conditions shown in Fig. 3b . These laboratory profiles are similar to those measured in the field for the targeted subsurface depth range ( Fig. 1 and 3b) .
Damping of diurnal surface soil temperature variations in the field setting is important in facilitating close replication of deeper subsurface temperature profiles in the laboratory system. Despite wide diurnal fluctuations occurring at the soil surface in the field, diurnal temperature fluctuations below 1 m are fairly small. The damping depth d for periodic surface temperature fluctuations is proportional to the square-root of the ratio of the thermal diffusivity D T to the radial frequency w (w = 2p/period):
and typical D T in the range of 4 ´ 10 −7 to 8 ´ 10 −7 m 2 s −1 for mineral soils (Hillel, 1980) . Thus, d ? 0.12 m for daily cycles. Daily subsurface temperature fluctuations are damped to <2% that of temperature fluctuations at the soil surface at depths greater than 4d. Therefore, laboratory simulations of diurnal temperature variations were not necessary at the depth of interest in this study. By the same reasoning, annual temperature fluctuations extend to considerably greater depths and hence are important in understanding deeper subsurface processes. Given the inverse square-root dependence on periodicity, typical subsurface d (annual) ?2.5 m and annual temperature variations are significant down to depths of about 10 m.
Moisture Profiles
Widely varying saturation conditions experienced in the upper strata relative to the constantly saturated bottom water table boundary in the field environment are reflected in the laboratory column profiles of volumetric water contents (Fig. 4a ) and matric potentials (Fig. 4b) . The increased water contents and matric potentials in the upper zone for the late spring profiles reflect the simulated snowmelt infiltration event when synthetic pore water was added to simulate 28 mm of infiltration. The MPS6 sensor has an accuracy of ±10% for matric potentials more negative than −9 kPa. The minor variation in the measured matric potentials in the deeper portion of the column reflects the fact that these sensors do not resolve higher values of matric potentials or positive pressure potentials. The coarse gravel and cobble fractions of sediments prevented insertion of the capacitance moisture probes in the field, preventing direct comparisons with laboratory column water contents. However, tensiometer measurements were obtained in the field, along with some filter paper-based matric potential measurements of drier sediments (Tokunaga et al., 2016) , allowing comparisons of representative seasonal matric potentials in Fig. 4b . The comparisons show qualitative agreement and partly reflect the previously mentioned limitations of the MPS6 at nearzero matric potentials.
Carbon Dioxide Profiles
Measurements of CO 2 profiles show monotonic increases with depth during all of the laboratory-simulated seasons as well as generally higher concentrations associated with warmer summer temperatures ( Fig. 5a and 5b) . These results provide additional evidence for the importance of CO 2 production below the root zone. Unlike the soil environment, transient CO 2 exsolution from fluctuations in temperature and moisture in deeper sediments are Fig. 4 . Measured variations in laboratory-simulated seasonal profiles for (a) volumetric moisture content and (b) matric potential (accuracy ±10% at high magnitudes and ±2 kPa at low magnitudes). Note that the upper limit of the MPS6 measurement range is −9 kPa. Representative seasonal matric potentials from the field site on specific depths and dates are shown in symbols without connecting lines. expected to be minor because of much more gradual temporal variations in these influential variables. The high CO 2 concentration gradient in the deepest part of the winter profile likely reflects a very low effective diffusion coefficient within the capillary fringe rather than elevated respiration rates. Measurements of CO 2 concentrations in the headspace above the column varied between 700 and 1700 ppm, values that were always between concentrations measured in the shallowest gas sampler and the laboratory atmosphere. Carbon isotope ratios are reported in the conventional d notation relative to the Vienna PeeDee Belemnite (VPDB) scale. The d 13 C values of CO 2 range from −16.1 to −19.4‰ (Fig. 5c) . These values are higher than d 13 C values from Rifle soil organic C (−27.4 to −24‰) and lower than those from soil carbonate (−10 to 4‰) (Montanez, 2013) , suggesting that a high proportion of CO 2 comes from microbially decomposed soil organic C. Field samples of pore CO 2 gases from deeper vadose zone have lower d 13 C (−21.4 to −20.0‰) relative to values measured in the column experiment, suggesting a contribution from atmospheric CO 2 (Fig. 5c ).
Redox Potential Profile
Measurements of redox potentials were only obtained once for the simulated summer condition shown in Fig. 6 . That set of measurements showed strongly reducing conditions at the bottom of the column that sharply transitioned to oxidizing conditions just below and above the water table. At higher positions, redox potentials gradually decreased and became unmeasurable beyond 0.80 m above the water table, presumably because of greatly diminished electrical continuity in the well-drained, gravelly loamy sand textured sediment. Redox transitions in the capillary fringe and water table are expected because of the decreased diffusive supply of O 2 in water-saturated sediments, and the transition zone is generally narrower in coarser sediments because of weaker capillary rise. Nominal ranges of empirical redox potentials associated with reduction-oxidation of NO 3 , Mn, Fe, and S are included along the redox axis of Fig. 6 . Although our Pt electrode-based measurements do not quantitatively reflect the status of specific redox couples (Lindberg and Runnells, 1984) , they qualitatively show the importance of redox stratification at the capillary fringe and water table.
Limitations of the Laboratory System for Replicating the Rifle Site Deeper Vadose Zone
Although the main goals of simulating the temperature and water table dynamics of the field site were achieved with this laboratory column, two limitations of the system are recognized. The first resulted from sieving the original sediments and packing the column with the <4.75 mm grain-size fraction. By excluding the coarser grain fraction, the porosity, specific surface area, moisture content, and hydraulic conductivity of the repacked sediment column are expected to be slightly enhanced. Although these variables are generally not mutually positively correlated, hydraulic conductivity enhancement is expected because each removed coarse grain that has negligible intragranular permeability was effectively replaced with permeable assemblages of finer grains. Given the very high permeability of these sediments and the low flow rates of pore waters at the site (Tokunaga et al., 2016) , the impact of sieving on sediment column biogeochemistry is relatively small.
The second limitation of the column is related to simulating CO 2 concentrations at its upper boundary. Because the column top corresponded to a depth of 1.7 m in the field, where CO 2 concentrations are elevated relative to levels in the atmosphere, the upper boundary gas composition of the laboratory system did not replicate that of its intended field depth. The column top was loosely capped to allow the headspace CO 2 to build up relative to its atmosphere level as a compromise between being completely open and unrepresentatively low for subsurface CO 2 levels versus completely sealed, which would have resulted in unrealistically high CO 2 levels.
Summary
Recognizing that laboratory room temperatures are not representative of most soil and subsurface environments and that vadose zone biogeochemical transformations are highly temperature and water saturation dependent, we designed a 2-m-tall sediment column system with controllable temperature and water saturation profiles. This laboratory column was operated at temperatures as low as 3°C, with variable water table positions representative of the deeper unsaturated zone at the Rifle, CO, site. Analyses of CO 2 samples from the column yielded concentration profiles that reflect temperature (field season) dependence and an isotopic signature indicative of microbial respiration. Moisture content, matric potential, and redox potential profile measurements were consistent in showing well-drained, aerated conditions above the water table, consistent with the coarse, sandy, and gravelly alluvium. These results show that the stratified biogeochemical dynamics above, within, and below the capillary fringe can be simulated in the laboratory with suitable profile control needed to correctly capture rates of temperature-dependent processes. 
